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Introduction
Zooplankton plays a crucial role in the high im pact that climate-induced changes in the physical environm ent have on pelagic ecosystems (e.g. From entin and Planque, 1996; Beaugrand et al., 2002; M öllm ann et al., 2003; Chiba et al., 2006) and in m ed iating these to upper trophic levels, i.e. commercially im portant fish populations (Beaugrand et al., 2003; M öllm ann et al., 2005) . These changes frequently co-occur with overall changes in the ecosystem, so-called regime shifts (e.g. Bakun, 2005; Lees et al., 2006) that have been observed in various m arine ecosystems o f the world ocean, e.g. the N orth Pacific (Hare and M anuta, 2000) and the N orth Sea (Beaugrand, 2004) . The term regime shift, describing the transition between different states, was first used for m arine ecosystems to describe dom inance changes between fish populations, e.g. the fluc tuations between anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus) in several regions o f the world ocean (Lluch-Belda et al., 1989) . Nowadays, regime shifts are defined m ainly based on changes in the ecosystem as a whole (Collie et al., 2004) . They are usually low-frequency and abrupt changes in ecosystem structure and function, occurring at multiple trophic levels and on large geographic scales (Collie et al., 2004; C ury and Shannon, 2004; de Young et al., 2004; Bakun, 2005; Lees et al., 2006) .
Recent investigations have dem onstrated that ecosystem changes are also induced by hum an exploitation, both through direct effects o n the target species and through indirect influences o n ecosystem structure and function. Evidence is increasing for cascading trophic interactions in large m arine ecosystems (Frank et al., 2005 (Frank et al., , 2006 Myers et al., 2007) . These trophic cascades are mainly described as being caused by the depletion o f top predators, leading to conspicuous reciprocal changes at trophic levels below, hence also involving Zooplankton (Frank et al., 2005) .
Regime shifts and trophic cascades generally involve collapses o f im portant exploited fish stocks. That it often takes longer for the resource population to recover than w ould be expected based on biological param eters (Hutchings, 2000; Steele and Schumacher, 2000) indicates the existence o f im portant feedback processes operating in m arine ecosystems (Bakun and Weeks, 2006 ). An example is the prey-to-predator (P2P) loop, which describes a stabilizing mechanism after the decline o f a toppredator. The favoured prey increases as a result o f decreased predation pressure and subsequently prevents the recovery o f the predator, e.g. by preying on the predator's eggs and larvae (Bakun and Weeks, 2006) .
The brackish Central Baltic is a semi-enclosed sea containing a highly productive bu t low-diversity ecosystem, with only a few key species driving the system's dynamics. Recently, an ecosystem regime shift was described having pronounced changes at all trophic levels, mainly the result o f climate-induced changes in sal inity and tem perature (Alheit et al., 2005; M öllm ann et al., 2006) . The clearest dom inance changes in the ecosystem occurred at the Zooplankton and fish trophic levels. In the Zooplankton, do m i nance changed between the copepods Pseudocalanus acuspes and Acartia spp. (M öllm ann et al., 2003) . Change in hydrography also affected the reproductive success o f the m ajor fish species, resulting in a change in dom inance from the piscivorous cod (Gadus morhua) to the planktivorous sprat (Sprattus sprattus; Köster et al., 2003) .
First, we investigate the occurrence o f regime shifts in timeseries o f key abiotic and biotic variables o f the Central Baltic ecosystem. Second, we dem onstrate a three-level trophic cascade involving Zooplankton. Finally, we m odel the effects o f the abiotic and biotic changes o n copepod biomass and recruitm ent o f fish stocks. O ur results dem onstrate the linkage between clim ate-induced Zooplankton and fish regime changes, and how overfishing amplifies the clim ate-induced changes at both trophic levels. Further, o ur study demonstrates (i) the multiple pathways along which climatic and anthropogenic pressures can propagate through the foodweb; (ii) how both effects act synergistically to cause and stabilize regime changes; and (iii) the crucial role o f Zooplankton in mediating these ecosystem changes.
Material and m ethods Data
Because o f lim itations in the availability o f the best data, we used time-series covering the period 1974-2005 in ou r analyses. Data for the copepods P. acuspes and Acartia spp. were collected in spring (m ainly May) in the G otland Basin (Figure 1 ), being largely representative for the entire Central Baltic (see M öllm ann et al., 2000; also for the sampling protocol), by the Latvian Fish Resources Agency (LatFRA) in Riga. Based on earlier knowledge, spring salinity in the halocline (8 0 -10 0 m ) was used as a predictor for P. acuspes, whereas spring tem perature in the midwater (4 0 -6 0 m) was used as a predictor for Acartia spp. biomass (M öllm ann et al., 2003) . D epth ranges are used according to the vertical distribution o f the copepods (H ansen et al., 2006) . In addition, we used dinoflagellates as a predictor for Acartia spp. biomass because it is an im portant food item (Peters, 2006) and prom otes successful reproduction o f the copepod (E. Gorokhova, pers. comm .).
M idwater tem perature (4 0 -6 0 m ) was used to m odel sprat recruitm ent because it is know n to influence egg and larval survival (Nissling, 2004) . We also used the reproductive volume (RV) as a predictor for cod recruitm ent. RV is the water volume w ith a salinity > 1 1 psu and an oxygen content > 2 ml I-1 , repre senting the m inim al conditions for successful cod egg develop m ent in the deep Baltic basins (MacKenzie et al., 2000; Koster et al., 2005) . Pseudocalanus acuspes and Acartia spp. data were used in recruitm en t-en v iro n m en t models as variables influencing cod and sprat larval survival, respectively (H inrichsen et al., 2002; Voss et al., 2003; D ickm ann et al., 2007) . All hydrographie as well as zoo-and phytoplankton biomass data are available from a database compiled and held by the ICES/HELCOM W orking Group o n Integrated Assessments o f the Baltic Sea (ICES, 2007) . We also accounted for climate effects other than tem perature and salinity changes (e.g. drift) by using the w inter NAO (N orth Atlantic Oscillation) index o f H urrell (1995; w w w .cgd.ucar.edu/cas/jhurrell/indices.data. htm l#naopcdjfrn), the principal com ponent time-series o f the leading eigenvector o f seasonal (December through March) sea-level pressure anomalies over the Atlantic Sector (20-80°N , 90°W -40°E).
Time-series o f stock and spawning-stock biomass (SSB), recruitm ent at age 0 for cod (generally term ed Eastern Baltic cod) and sprat, as well as fishing mortalities, were derived from multispecies virtual population analyses (MSVPA) for ICES Subdivisions 2 5 -2 9 and 32 (ICES, 2006) . MSVPA reconstructs the history o f interacting fish stocks, based o n landings (catch and individual weight) and survey data. Species interactions are estimated using inform ation on diet, food selection, and consum ption rates (M agnusson, 1995) .
Numerical analyses
Regime Shifts: the sequential regime-shift detection m ethod was used to identify shifts in the time-series o f hydrographic variables, Zooplankton and fish biomass, as well as fish recruitm ent (Rodionov, 2004; R odionov and Overland, 2005) . The m ethod uses f-tests sequentially to determ ine w hether the next value is sig nificantly different from the previous regime. If so, the point is m arked as a potential change point, and subsequent observations are used to confirm or reject the regime shift (for details o f the com putation, see Rodionov, 2004) . The determ ination o f the regimes is strongly influenced by the choice o f the cut-off length I, which determ ines the m inim um length o f a regime, and the sig nificance level p o f the f-test. For the analyses o f o u r time-series targeted on decadal variability, we used I = 10. The significance level for the test was always set to p = 0.01.
The m ethod used has a num ber o f advantages over other m ethods for regime-shift detection: (i) it requires no a priori hypothesis on the tim ing o f a regime shift; (ii) it can detect both abrupt and gradual regime changes; (iii) it is able to detect a regime shift relatively early (Rodionov and Overland, 2005) . However, it has been dem onstrated that stationary red noise p ro cesses may generate dynamics that can be m isinterpreted as regime shifts (Rudnick and Davis, 2003; Rodionov, 2006) . As a result, a "prew hitening" procedure has been im plem ented in the sequential regime-shift detection m ethod that removes the red-noise com ponent from the time-series. It involves subsampling and bias correction o f the least-squares estimate for serial correlation (for details, see Rodionov, 2006) . The sequential regime-shift detection m ethod is available as an MS EXCEL add-in and can be dow n loaded at www.beringclimate.noaa.gov.
Statistical modelling: we investigated the occurrence o f a trophic cascade by using general linear models (GLM) o f the relationships between cod, sprat, and P. acuspes biomass timeseries. To account for autocorrelation in the data, the degrees o f freedom in the statistical tests were adjusted using an equation by Chelton (1984) , m odified by Pyper and Peterm an (1998) .
We found that environm ental effects on Acartia spp. biomass are best described using linear models as well. First, we used tem p erature and the NAO to m odel Acartia spp. biomass for the whole period . We also modelled the effect o f dinoflagellates o n Acartia spp. biomass. Data for the phytoplankton group are only available beginning in 1980, which lim ited the tim e horizon for the analyses. We constructed linear models by adding variables subsequently, checking thereafter for autocorrelation o f the residuals. If autocorrelation was present, it was removed by firstorder differencing, and models were refitted. If an intercept o f a m odel was insignificant, additional models om itting the intercept were fitted. Models were com pared using the explained variance (r2) and the Akaike inform ation criterion (AIC; Akaike, 1974) .
Pseudocalanus acuspes biomass, as well as cod and sprat recruit m ent, was best modelled using generalized additive models (GAMs; Hastie and Tibshirani, 1990; W ood, 2007) . Using the mgev library o f R (W ood, 2001), we estimated the optim al rough ness o f the sm ooth term s as well as m odel structure (i.e. the best com bination o f predictor variables) by m inim izing the generalized cross-validation criterion (GCV). GCV is a proxy for the m odel's out-of-sam ple predictive mean-squared error (W ood, 2001, 2004) . Hence, a m odel with the lowest GCV has the highest explanatory power, similar to the AIC (W ood, 2007) . No significant autocorre lation has been detected for all fitted models.
We started the modelling o f P. acuspes biomass with salinity and the NAO, adding sprat biomass thereafter as an indicator o f to pdown control. Cod and sprat recruitment modelling started using SSB, i.e. the effect o f the size o f the parent stock only. Thereafter, variables im portant for egg and larval survival were added, i.e. tem perature and Acartia spp. for sprat, and the RV and P. acuspes for cod. Finally, a potential influence o f the NAO was tested.
For copepod species, we used log-biomass as a response vari able, whereas for fish species we modelled recruitm ent, the m ain process influencing stock biom ass affected by b o tto m -u p con trols. We used a relative measure o f recruitm ent, i.e. recruitm ent success, the logarithm o f the ratio between the annual num bers o f recruits and SSB as response (Stige et al., 2006) .
All statistical analyses were conducted using the R software (www.r-project.org).
Results

Trends, pathways, and regimes
Using the regime-shift detection method, we identified correspond ing developments between the m ain hydrographic variables, tem p erature and salinity, and the key Zooplankton and fish species. We detected regime shifts to higher temperatures in 1988 with the new regime lasting until 2003 (Figure 2a) . Acartia spp. closely followed the shift to increased biomass at the end o f the 1980s, but demonstrated an opposite shift at the beginning o f this century (Figure 2c 5 1975 1980 1985 1990 1995 2000 2005 1975 1980 1985 1990 1995 2000 2005 1975 1930 1985 1990 1995 2000 2005 1976 1980 1985 1990 1995 4 1975 1980 1985 1990 1995 2000 2005 1976 1980 1985 1990 1995 2000 2005 1975 1980 1985 1990 1995 o f a few years and increased until the fishing ban in the early 1990s. Thereafter, fishing pressure increased, to the level o f the late 1980s since the late 1990s.
The trophic cascade
O ur time-series display a species-level trophic cascade involving three trophic levels (Figure 3) . The decreasing cod biom ass is significantly and negatively correlated w ith the sprat biomass, indicating to p -d o w n control (Figure 3a) . Trophic cascading proceeded dow n to the copepod P. acuspes, whose biomass time-series is negatively related to the increased sprat stock (Figure 3b ). The cascading effect over two trophic levels is further dem onstrated by the significantly positive relationship between cod and P. acuspes (Figure 3c ).
B otto m -u p and to p -d o w n effects on Acartia spp. and P. acuspes
We conducted linear modelling to investigate the effect o f environ m ental variables on Acartia spp. (Table 1) . The linear models for the full period explain only small proportions o f the variance (m axim um 25.5%). The m ost parsim onious m odel (lowest AIC) included tem perature and the NAO, but excluded the intercept. Including dinoflagellates as an additional predictor, thereby reducing the period covered , resulted in significantly higher r2 values. The best models included tem perature, dinoflagellates, and the NAO; however, the last was not significant (explained variance > 4 3 % ). O m itting the insignif icant intercept resulted in a m odel that explained > 9 0 % o f the variance and also displayed the best m odel quality in terms of the lowest AIC.
Significant predictors for P. acuspes biom ass in GAMs were sal inity and the biom ass o f the m ain predator sprat ( Table 2 ). The best model, in term s o f the lowest GCV and the largest proportion o f the variance explained, also included the NAO.
Recruitm ent-environm ent relationships for sprat and cod
SSB was the m ost im portant predictor in all recruitm entenvironm ent GAMs for b o th sprat and cod (Table 3) . For sprat, we found all other variables, for example, the variables im portant for egg and larval survival, i.e. tem perature and Acartia spp. biomass, to be significant predictors o f recruitm ent. Adding the NAO to the m odel significantly im proved m odel fit. The final model, having the lowest GCV, explained > 90% o f the variance (Figure 4) .
In contrast to sprat, the NAO was n o t a significant predictor for recru itm en t-en v iro n m en t models for cod (Table 3 ). The best m odel explained > 80% o f the variance and included, in addition to the SSB, variables influencing egg and larval survival, respect ively, i.e. RV and P. acuspes biomass (Figure 4 ).
Discussion
A climate-induced regime shift amplified by a fishing-induced trophic cascade
O ur analyses confirmed regime shifts in the biomass o f Central Baltic key Zooplankton and fish species (Alheit et al., 2005) . Two pathways o f change could be identified: a decrease in P. acuspes and cod, related to decreasing salinity (path 1), and an increase in Acartia spp. and sprat (path 2), related to increased tem pera tures. These regime shifts in the two pathways together caused an ecosystem regime shift, i.e. a m ajor restructuring o f the upper trophic levels.
The changes were initiated by the decreased salinity in path 1. As a result, cod recruitm ent success decreased, followed by a decrease in biomass . Cod recruitm ent failure was clearly related to decreased salinities, although the regime-shift detection m ethod indicated a later salinity decrease than observed in recruitm ent success and biomass. This apparent disagreement was caused by anom alously high salinity in 1985, Log cod biomass forcing the m ethod to detect the regime shift later, in 1986, although salinity clearly had already decreased before then. In addition to the changes in path 1, tem perature increased at the end of the 1980s, causing changes in path 2. Acartia spp. responded immediately to the hydrographic change, whereas the sprat stock reacted with a lag of a few years. No increase in sprat recruitm ent success was observed, indicating th at low predation pressure by the collapsed cod stock leading to a larger SBB was the m ain driver for large sprat year classes during the 1990s .
Clearly, cod fishing amplified, b u t did not initiate, the collapse of the stock, because fishing mortalities increased only after the decline in biomass had already occurred. Currently, fishing pressure on cod is still high, preventing recovery of the stock and allowing the sprat stock to control the copepod P. acuspes, so exerting cascading trophic interactions. Hence, a sequence of events has caused the observed ecosystem regime shift in the Central Baltic Sea, starting with a climate-induced salinity and tem perature change and amplified by cod overfishing, cascading down to the Zooplankton trophic level.
A lthough the ecosystem changes in the Baltic fulfil the general definition of a regime shift by occurring on a large geographic scale and over several trophic levels (Collie et al., 2004) , the m ore gradual change in salinity and cod biomass in path 1 does not cor respond to the characteristic o f an abrupt change. The change in path 1 might, therefore, better be term ed a phase transition, where the system flips to another state when passing a threshold (Scheffer and Carpenter, 2003) . We found the applied regime-shift detection m ethod especially useful because it was also able to resolve these changes (Rodionov and Overland, 2005) . In general, however, we believe that the changes in the Baltic ecosys tem can be considered an ecosystem regime shift.
B ottom -u p effects of hydrographic change
O ur analyses provide evidence that climate-induced salinity and tem perature changes initiated the ecosystem regime shift. In this context, path 1 was initiated by the decreasing frequency of m ajor Baltic inflow (MBI) events, starting in the early 1980s (M atthäus and Franck, 1992; Fonselius and Valderrama, 2003) . Because o f the strong stratification in the deep Baltic basins, saline waters and oxygen can only be introduced by lateral advection from the N orth Sea. The absence of these events results in low salinities and oxygen deficiency in the deep water. The low salinity has caused the decrease in P. acuspes, as dem onstrated by our GAMs. The females of this copepod reproduce in spring in the halocline of the deep Central Baltic basins (Hansen et al., 2006) . In stagnant conditions, i.e. longer periods w ithout MBIs, repro ductive success suffers from the adverse hydrographic conditions (Renz and Hirche, 2006) .
The decrease in salinity and oxygen also caused the collapse of the cod stock as a result of low recruitm ent . O ur GAMs dem onstrate that, in addition to the im portance of the SSB, the direct effect of hydrography on the eggs, as indexed by the RV (MacKenzie et al., 2000) , is also significant. Furtherm ore, the indirect effect of hydrography through the biomass o f P. acuspes was confirmed (H inrichsen et al., 2002) , resulting in a model that explained a large proportion of the variance in cod recruitment.
Using a similar GAM approach, an earlier study investigated the effects of SSB and climate on a num ber o f N orth Atlantic cod stocks (Stige et al., 2006) . In contrast to our study, this analysis dem onstrated no relationship between recruitm ent and SSB for Central Baltic cod, called Eastern Baltic cod in their study (see Supplem entary Material in Stige et al., 2006) . The reason for this difference is m ost likely the use o f different time-series on recruitm ent and SSB, because our study used o u tp u t of recruit m ent at age 0 from a MSVPA, whereas Stige et al. (2006) used esti mates o f recruitm ent at age 2 from the single-species VPA. Age 0 depends m uch m ore on the SSB because a num ber o f factors can Downloaded from icesjms.oxfordjournals.org by guest on December 16, 2010 Table 1 . Results of linear models relating Acartia spp. biomass to environmental variables. If autocorrelation in the residuals was detected, time-series were first-order differenced (DIF) and models refitted. If intercepts (IC) of the models were not significant, models were additionally fitted omitting the IC. AIC, Akaike information criterion, r2, explained variance; and p, probability. obscure the relationship during the subsequent 2 years of juvenile Baltic cod . Furtherm ore, differences between the studies may have been induced by the different periods covered by the respective datasets for this study and 1966-2001 for Stige et al., 2006) . O ur results further dem onstrate that neither P. acuspes nor cod biomass increased w ith the rise in salinity after the inflows in 1993 and 2003. This indicates a change to other processes than pure b o tto m -u p control, i.e. overfishing and to p -d o w n control (see below ).
Predictors
The current dom inance of path 2 was initiated by the sudden increase in tem perature at the end of the 1980s (Alheit et al., 2005) . This increase was caused by the change in atm ospheric forcing, associated with the sudden increase in the NAO (Hurrell, 1995) , and has also caused regime shifts in other areas, such as the N orth Pacific and the N orth Sea (Hare and M antua, 2000; Beaugrand, 2004; W eijerman et al., 2005) . In the Baltic, higher tem peratures have favoured the developm ent of Acartia spp. (M öllm ann et al., 2003) , as indicated by our linear modelling efforts. Temperature has a direct positive effect on the m agnitude o f resting egg hatching in Baltic Acartia spp. (Alheit et al., 2005) . An indirect effect is apparent through the significant effect of dinoflagellates in our models. This phytoplankton group flour ished during the 1990s, potentially as a result o f reduced winter mixing in this period (W asm und et al., 1998; W asm und and Uhlig, 2003) . W arm er am bient conditions farther helped the sprat stock to increase to record stock sizes during the 1990s, mainly through high reproductive success . Temperature directly influences egg and larval survival (Nissling, 2004) . O ur results further reveal that the increase in Acartia spp., which increased larval survival (Voss et al., 2006; D ickm ann et al., 2007) , contributed to the increase in sprat recruitm ent. Therefore, on both the salinity and tem perature paths, direct and indirect effects o f hydrographic change caused the observed restructuring o f the ecosystem, with Zooplankton species having central im portance.
Interestingly, including the NAO in o ur statistical analyses has only increased the perform ance o f the models for Acartia spp. and sprat, b u t no t for P. acuspes and cod. This can be explained by the strong vertical habitat segregation in the Central Baltic. Key processes for Acartia spp. and sprat occur at interm ediate depth, which is strongly affected by NAO-related effects, like w arm ing and changes in circulation. These results are in accordance with a study dem onstrating the im portance o f tem perature and transport patterns for the survival o f Baltic sprat larvae (Baum ann et al., 2006) . In contrast, P. acuspes and cod depend heavily on the hydrographic conditions in the deep water. Although the absence o f MBIs m ight also be related to the NAO (H änninen et al., 2000) , deep-water conditions are less influenced by the NAO, explaining the marginal im portance in our models. Relating the NAO as a proxy for tem perature changes (Stige et al., 2006) to cod recruitm ent therefore seems to be inappropriate for the special case o f Eastern Baltic cod.
T op -d ow n effects of cod overfishing
Recently, evidence for indirect effects o f overfishing has been reported for large m arine ecosystems such as the Eastern Scotian Shelf off Canada (Frank et al., 2005) . We could dem onstrate a similar trophic cascade, although only for three trophic levels. Overfishing has significantly contributed to the decrease o f the Central Baltic cod stock, which cascaded via the sprat stock down to the copepod P. acuspes (M öllm ann and Köster, 2002; Köster et al., 2005) . The trophic cascade has occurred only at the species level, because herring (Clupea harengus), the other m ain food item o f cod, has not increased in abundance . Similarly, other im portant copepods, such as Acartia spp. and Temora longicornis, have n o t suffered from the increase in sprat abundance (M öllm ann et al., 2003) . This points to the im portance o f hydrography for Baltic Zooplankton and fish populations, as described above. However, our results reveal that to p -d o w n effects, potentially caused by an unsustainable fishing pressure on cod, add to the effect o f the hydrographic change. Incorporating the biom ass o f the predator sprat into the GAMs for P. acuspes significantly im proved the model, dem onstrating that both controls acted synergistically in determ ining the devel opm ent o f the copepod. The im portance o f to p -d o w n control seems to have increased when the new regime was established. We could find no increase in biom ass o f P. acuspes and cod after the MBIs in 1993 and 2003, indicating that fishing and predation effects are now lim iting the dynamics o f these populations.
Conceptual model of the changes In the Central Baltic ecosystem
We sum m arized in a conceptual m odel the different processes that led to the restructuring in the Central Baltic ecosystem (Figure 4) . The changes were initiated by the decreasing salinity (path 1), causing the decline o f P. acuspes and cod. Increased tem perature (path 2) resulted in the increase in Acartia spp. and sprat. In addition, high fishing pressure on cod contributed to its decline and cascaded down to P. acuspes. Both pathways have established the current regime o f Acartia spp. and sprat dominance.
Interestingly, these developments established a stabilizing P2P loop. Bakun and Weeks (2006) discuss a similar feedback loop occurring in the Central Baltic via cod egg predation by sprat (Köster and M öllm ann, 2000) . We dem onstrate another P2P loop in the ecosystem: the low cod stock caused the sprat stock to increase, now limiting the m ain food for cod larvae, i.e. P. acuspes . These feedback loops, together w ith fishing pressure that is too high, now seem to have stabilized the current regime, an indication o f which is the failure o f recovery o f P. acuspes and cod after the MBIs in 1993 and 2003.
O ur study reveals that a holistic understanding o f both the influence o f climate and fishing on ecosystem structure and func tion is crucial to sound, ecosystem-based fishery managem ent approaches (Bakun, 2006) . Therefore, future studies on ecosystem function should consider both drivers, and models for ecosystembased fishery m anagem ent should reflect their relative im portance and interactions.
In conclusion, o ur results dem onstrate the linkage between clim ate-induced Zooplankton and fish-regime changes, and how overfishing amplified and stabilized the climate-induced changes. O ur study demonstrates (I) the multiple pathways along which climatic and anthropogenic pressures can propagate through the foodweb; (ii) how b o th effects acted synergistically to cause and stabilize regime changes; and (iii) the crucial role o f Zooplankton in mediating these ecosystem changes.
